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INTRODUCTION
The N aquifer is an important source of water in the 5,400-square-mile Black Mesa area of the Navajo and Hopi Indian Reservations in northeastern Arizona ( fig. 1 ). The aquifer consists of three rock formations that have been historically referred to as the N aquifer ( fig. 2 ). The major water-bearing units are the Navajo Sandstone of Jurassic age and the Lukachukai Member (of former usage) of the Wingate Sandstone of Jurassic age. The Kayenta Formation of Jurassic age, which lies between the Navajo and Wingate Sandstones, yields small quantities of water in places ( fig. 2) . 1 2fy ^ \ l f£ ^"" J.-.\ T:::: ^^rv ARIZONA ^ -'-sr /
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SERVATIOri , Vari-colored shaly siltstone. mudstone, and claystone CHINLE FORMATION Iv.v.v.v.v.v.v.v.; .;.;.;.; ShlnarumpMember ; On the northern part of the mesa, Peabody Coal Company operates a strip mine in a lease area of about 100 mi2. When operation of the mine began in 1968, the company pumped about 95 acre-ft of ground water from the N aquifer; in 1989,3,450 acre-ft was pumped. The water is used to transport mined coal by a slurry line about 250 mi to the Mohave generating station at Bullhead City, Arizona. Municipal withdrawals from the N aquifer increased from an estimated 250 acre-ft in 1968 to about 2,470 acre-ft in 1989.
MOENKOPI FORMATION
The Navajo and Hopi Tribes became concerned about the long-term effects of all withdrawals from the N aquifer on supplies for domestic and municipal use. These concerns led to an investigation of the water resources of the Black Mesa area by the U.S. Geological Survey (USGS) in cooperation with the Arizona Department of Water Resources in 1971; in 1983, the U.S. Bureau of Indian Affairs joined the cooperative effort.
Purpose and Scope of the Report
This report describes the monitoring of ground water, surface water, and water quality in the Black Mesa area from July 1,1989 , to May 31, 1990 , to determine effects on the aquifer caused by withdrawals from industrial and municipal wells. Except for some previously collected data that are used for comparison, only data collected during this period appear in this report. The scope of the data collection included water-level measurements, chemical analyses of ground water from wells and springs, compilation of pumpage data, and measurement of spring and surface-water discharge at sites where the principal water source is the N aquifer.
Previous Reports on the Program
Eight progress reports have been prepared by the USGS on the monitoring phase of the program (U.S. Geological Survey, 1978; G.W. Hill, U.S. Geological Survey, written commun., 1982 , 1983 Hill, 1985; Hill and Whetten, 1986; Hill and Sottilare, 1987; Sottilare, 1988,1989) . Most of the data obtained from the monitoring program are contained in these reports, except for stream-discharge and sediment-discharge data from Moenkopi Wash collected prior to water year 1986, which were published in U. S. Geological Survey (1976-88) . Eychaner (1983) showed the results of a mathematical computer model that was developed to simulate the flow of water in the N aquifer. The model was used to predict the effects of withdrawals through the year 2014. The model was converted to a new model program and recalibrated by using revised estimates of selected aquifer characteristics and a finer spatial grid (Brown and Eychaner, 1988 ). The new model was used to simulate effects of five pumping scenarios through the year 2051. As reported in the 1988-89 progress report (Hart and Sottilare, 1989 ), the 1988 model was updated with pumpage data from 1985 to 1988 and continues to accurately simulate water levels in most observation wells developed in the confined ground-water area. The monitoring program is essential to document effects of ground-water withdrawals, check the results of model simulations, and determine the quality of water in the N aquifer as water levels decline.
Affairs assisted in the collection of pumpage data. The Hopi Tribe, the Navajo Tribal Utility Authority, and the U.S. Bureau of Indian Affairs assisted in the collection of water-level data.
HYDROLOGIC-DATA COLLECTION, 1989-90
Monitoring activities include continuous or periodic measurements of (1) ground-water levels in the confined and unconfined areas of the N aquifer, (2) major withdrawals from the confined and unconfined areas, (3) quality of ground water in the N aquifer, (4) discharge and chemical quality of selected springs that flow from the N aquifer, and (5) surface-water discharge.
Ground-Water Levels
Annual ground-water levels were obtained from various municipal and windmill wells. Daily ground-water levels were obtained from six continuous recording USGS observation wells (BM 1-6). All water levels were referenced to land surface. In an effort to obtain representative water levels in municipal wells, pumps were turned off at least 12 hours before measurements were made. Measurements of water levels in windmills were obtained on calm days when the windmills were not pumping. Pumping was not a factor in water-level measurements in the six recording observation wells because no withdrawals were made from them.
Since 1971, ground-water levels in most of the measured nonindustrial wells in the confined area of the N aquifer have declined. Water-level data collected from December 1989 to April 1990, however, show that water levels in four nonindustrial wells in the confined area of the N aquifer had risen since they were last measured during water year 19891 (table 1). The rises were not significant except near Chilchinbito and Kayenta, where the pumping status of nearby community wells may have affected the water levels. Changes in water levels from water year 1989 to water year 1990 in the confined area ranged from -9.5 ft at well BM6 near the center of the mesa to +40.2 ft at Chilchinbito in the northeast corner of the study area. Water-level changes that occurred in the confined area from water year 1953 (prestress) to water year 1990 ranged from a record -113.8 ft in Keams Canyon Well 2 near the south edge of the study area to +1.7 ft in well 8T-522 near Kayenta in the northern part of the study area ( fig. 3 ).
Less substantial water-level changes have occurred in most of the wells in the unconfined area of the N aquifer than in wells in the confined area since 1953. Changes during 1953-90 ranged from -34.2 ft at Tuba City in the western part of the study area to +11.9 ft in well 9Y-95 east of the confined area. Water levels in all measured wells east of the confined area have risen since 1953.
Withdrawals from the N Aquifer
The primary interest is in withdrawals that might significantly affect water levels throughout the N aquifer. The two categories of ground-water use from the N aquifer are *Water year is October 1 through September 30. The water year is designated by the calendar year in which it ends and which includes 9 of the 12 months. Thus, the year ending September 30, 1990 , is called the "1990 water year." Change in water level from last measurement of 2 years or more. Enable to measure. figure reported by U.S. Bureau of Indian Affairs.
industrial in the confined area and municipal in the confined and unconfined areas. Pumpage data are collected from wells in which withdrawals are used for mining operations and from municipal wells with withdrawals of significant quantities. Pumpage data have not been collected from wells equipped with windmills.
The U.S. Bureau of Indian Affairs, Navajo Tribal Utility Authority, and Hopi Tribe operate municipal well systems that consist of about 70 wells. These well systems supply the Navajo and Hopi Tribes in the Black Mesa area. The industrial system, which includes eight wells operated by the Peabody Coal Company, withdraws water from the N aquifer. During 1988, the USGS made an inventory of the wells and tested the accuracy of the flowmeters (Hart and Sottilare, 1988 ). This quality-control program began in 1985-86 and is conducted about once every 3 years on all wells that penetrate the N aquifer except those with windmills. The next flowmeter test is scheduled for the 1992-93 monitoring period.
Annual pumpage for the two categories of withdrawals from the N aquifer for 1965-89 is given in table 2. Withdrawals during the 1989 calendar year from individual municipal and industrial well systems that tap the N aquifer are given in table 3, and the locations of these well systems are shown in figure 4.
Chemical Quality of Water from Wells that Tap the N Aquifer
Quality of water in the N aquifer is monitored as part of the Black Mesa monitoring program. Eychaner (1983) stated that some water may enter the N aquifer from the upper confining units as a result of the head in the overlying D aquifer ( fig. 2) , which averaged about 300 ft higher than that in the N aquifer in 1964. Differences in the chemical composition of the water in the D aquifer and the N aquifer indicate that the quantity of downward leakage must be small (Eychaner, 1983) . Dissolvedsolids concentration in water from the D aquifer generally is about seven times greater than that in water from the N aquifer. Chloride concentration is 11 times greater and sulfate concentration is 30 times greater than those in water from the N aquifer (Eychaner, 1983) .
Any increase in the leakage rate as a result of pumping from the N aquifer probably would appear first as an increase in the dissolved-solids concentrations in the water from wells operated by Peabody Coal Company (Eychaner, 1983) . Other indicators of leakage caused by pumping from the N aquifer would be increases in specific conductance and in concentrations of dissolved chloride and dissolved sulfate.
During the winter of 1990, water from selected industrial and municipal wells that penetrate the N aquifer was sampled for major ions and fluoride ( fig. 5 ). Municipal wells were pumped continuously for at least 12 hours before a sample was collected. The deeper industrial wells were pumped continuously for at least 24 hours before a sample was collected. Results of chemical analyses of the water from these wells are shown in tables 4 and 5. On the basis of these results, no significant changes have occurred in the quality of water in the N aquifer since pumpage began at the mine. Base from U.S. Geological Survey Flagstaff 1: 250,000, 1954-70; Gallup, 1:250,000, 1950-70; Marble Canyon,1:250,000, 1956-70; and Shiprock, 1:250,000, 1954-69. Modified from Brown and Eychaner, 1988 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 2Does not include withdrawals from the wells equipped with windmills. 3Includes estimated pumpage, 1965-73, and metered pumpage, 1974-79, at Tuba Gty; metered pumpage at Kayenta and estimated pumpage at Chilchinbito, Rough Rock, Pinon, Keams Canyon, and Kykotsmovi prior to 1980; metered and estimated pumpage furnished by the Navajo Tribal Utility Authority and the U.S. Bureau of Indian Affairs and collected by the U.S. Geological Survey, 1980-85; and metered pumpage furnished by the Navajo Tribal Utility Authority, the U.S. Bureau of Indian Affairs, various Hopi Village Administrations, and the U.S. Geological Survey, 1986-89. Includes some estimated data because of temporary meter malfunction during the calendar year on one or more wells in this municipal well system. Estimate based on electrical usage or the typical average daily pumpage prior to meter malfunction for the well in question. Does not include possible estimated data provided by cooperating agencies. 2Data not available. 1968 1980 1986 21986 1987 1988 1988 1990 1980 1983 1984 1986 31988 gss 1988 1990 1986 1987 1990 1982 1990 1988 1990 1982 1990 1990 1990 1988 1990 1990 1982 1983 1984 1988 1990 1982 1983 1984 1987 1988 1990 1982 1983 1984 1988 
Discharge and Chemical Quality of Springs
The effect of withdrawals from the N aquifer on the water quality of springs used for domestic purposes is of concern to some residents of the reservations. Many springs on Black Mesa discharge from several stratigraphic units, including the Navajo Sandstone, where these units crop out.
Four springs were selected for discharge measurements and water-quality analyses during 1989 (tables 6 and 7). The springs were the unnamed spring near Many Farms (10R-114, Luckachukai Member of the Wingate Sandstone), Whisky Spring (5M-4, Navajo Sandstone), Burro Spring (6M-31, Navajo Sandstone), and Sand Spring (1A-83, Navajo Sandstone). The unnamed spring near Many Farms was sampled previously in 1952, Whisky Spring was sampled in 1954, and Sand Spring was sampled in 1954. No previous samples were collected from Burro Spring.
Surface-Water Discharge
Outflow from the N aquifer appears mainly as surface flow in Moenkopi Wash and Laguna Creek and as springs near the boundaries of the aquifer (Davis and others, 1963 fig. 5 ) and at the low-flow measurement site on Laguna Creek near Church Rock (09379160; fig. 5 ).
Low flow in Moenkopi Wash during November through February has remained fairly constant since the streamflow-gaging station was established in 1976. Daily mean discharges during water year 1989 are shown in table 8. Daily mean discharges for previous water years have been published in U.S. Geological Survey (1963-81), White and Garrett (1984-88) , Wilson and Garrett (1988-89) , and Boner and others (1989-90) .
Chinle Creek, which is along the northeastern perimeter of the study area, receives water from the N aquifer principally from Laguna Creek Laguna Creek flows along the northern boundary of the study area and flows into Chinle Creek about 5 mi above the gaging station ( fig. 5) . The daily mean discharge data for water year 1989 is shown in table 9. All previous daily mean discharge data have been published in U.S. Geological Survey (1963-81), White and Garrett (1984-88) , Wilson and Garrett (1988-89) , and Boner and others (1989-90) .
The mean low-flow discharge of measurements made on Laguna Creek during November through February since the station was established in 1981 is 3.54 frVs or about 2,560 acre-ft/yr. Four monthly low-flow measurements were made during the same months in water year 1990; the mean of those measurements was 3.35 ftVs, or 2,430 acre-ft/yr. No continuous-recording streamflowgaging station has been established at this site. :250,000, 1954-70; Gallup, 1:250,000, 1950-70; Marble Canyon,1:250,000, 1956-70; and Shiprock, 1:250,000, 1954-69. Modified from Brown and Eychaner, 1988 Figure 5.--Surface-water and water-quality data-collection sites, 1989-90. fig. 2 ) was developed by Eychaner (1983) using available information about the aquifer. Simulated water-level changes in several nonindustrial wells and continuous-record observation wells that penetrate the N aquifer were compared with measured changes. During 1985, the model was rerun with measured withdrawals from 1980-84 to check the continued agreement of measured and simulated water levels. Results of these model runs are given in the progress report for 1987 (Hill and Sottilare, 1987) . Brown and Eychaner (1988) 
Water-Level Changes
The 1988 model was rerun in 1989 by using measured withdrawals from 1985-88 to check agreement between measured and simulated water levels. Results of this effort ( fig. 7 ) again indicate a general agreement between measured and simulated water-level changes in the four continuousrecord observation wells in the areas of confined ground water (BM2, BM3, BM5, BM6). As before, however, the model simulated a steady decline in the two observation wells in the unconfined areas (BM1, BM4). Measured water levels in these wells remained the same or rose (Hart and Sottilare, 1989 ).
The 1988 model was rerun in 1990 by using measured withdrawals from 1965-89 to check the agreement between measured and simulated water levels and to determine how much of the waterlevel decline is the result of industrial or municipal pumpage. Three pumping scenarios were used in the model. Scenario "A" included all reported pumpage, scenario "B" included only industrial pumpage, and scenario "C" included only municipal pumpage. The results of the simulation are shown in figures 8A-C.
Simulated water-level declines at Tuba City (figs. 8A-C) were caused entirely by local municipal pumpage. Declines of more than 1 ft, which were caused by industrial pumpage, were no closer than 18 mi from Tuba City (J.G. Brown, U.S. Geological Survey, written commun., 1990).
Simulated water-level declines at Kykotsmovi from 1965 to 1989 were about 40 ft. Industrial pumpage caused about 12 ft of drawdown, and local municipal pumpage caused the rest of the drawdown (figs. 8A-C).
At well BM5, about 10 mi northeast of Kykotsmovi, simulated water-level declines for 1965-89 under scenario "A" were about 55 ft; 40 ft of this drawdown was caused by industrial pumpage (figs. 8A-C). Measured water-level declines closely matched simulated declines ( fig. 7 ).
Near Pinon, simulated water-level declines were about 130 ft. Of this decline, 54 ft was caused by industrial pumping, and the remainder was the result of local municipal pumping. Measured water levels in well PM-6 have declined about 80 ft since 1970.
At Chilchinbito, simulated water levels declined about 54 ft from 1965 to 1989 (figs. 8A-C). About 45 ft of the decline was caused by industrial pumpage. Measured water-level declines at well PM-3 are slightly less than simulated declines, and water levels appear to have been in recovery since 1986.
Surface-Water Discharge
In scenario "A" of the model, which included all pumpage, simulated low flow in Laguna Creek decreased from 3.49 frVs in 1965 to 2.65 ftVs in 1989. By using industrial pumpage alone, low flow declined to 3.24 ftVs by 1989 (J.G. Brown, U.S. Geological Survey, 1990 ). The simulated low flow in Moenkopi Wash and the simulated flow of springs near Tuba City decreased less than 1 percent about 0.03 ftVs-under all three pumpage scenarios (J.G. Brown, U.S. Geological Survey, oral commun., 1990). Base from U.S. Geological Survey Flagstaff 1: 250,000, 1954-70; Gallup, 1:250,000, 1950-70; Marble Canyon,1:250,000, 1956-70; and Shiprock, 1:250,000, 1954-69 Modified from Brown and Eychaner, 19BB EXPLANATION BOUNDARY OF MATHEMATICAL MODEL Simulated ground-water flow across boundary was zero. :250,000, 1954-70; Gallup, 1:250,000, 1950-70; Marble Canyon,1:250,000, 1956-70; and Shiprock, 1:250,000, 1954-69 Modified from Brown and Eychaner, 1988 Scenario A, Simulated effect of combined ground-water pumpage. Base from U.S. Geological Survey Flagstaff 1: 250,000, 1954-70; Gallup, 1:250,000, 1950-70; Marble Canyon,1:250,000, 1956-70; and Shiprock, 1:250,000, 1954-69 Modified from Brown and Eychaner, 1988 Scenario B, Simulated effect of industrial ground-water pumpage. :250,000, 1954-70; Gallup, 1:250,000, 1950-70; Marble Canyon,1:250,000, 1956-70; and Shiprock, 1:250,000, 1954-69 Modified from Brown and Eychaner, 1988 Scenario C, Simulated effect of municipal ground-water pumpage. 
SUMMARY
The Black Mesa monitoring program is an ongoing investigation begun by the USGS in 1971. The water-resources investigation was begun because of concerns of the Navajo and Hopi Tribes about possible effects of industrial and municipal pumpage on the N aquifer. The N aquifer is the main source of ground water in the Black Mesa area. In 1968, strip-mining operations began in a lease area of about 100 mi2 on the Black Mesa area of the Navajo and Hopi Indian Reservations. During 1968, about 95 acre-ft of ground water was withdrawn from the N aquifer for mining operations and, in 1989,3,450 acre-ft was withdrawn.
This report is the ninth in a series of progress reports on the monitoring phase of the program. The monitoring program includes ground-water measurements, simulation of water-level changes by use of a mathematical ground-water model, chemical analyses of ground water from wells and springs, compilation of pumpage data, and measurement of spring and surface-water discharge at sites where the N aquifer is the main water source.
Measured ground-water levels in the confined area showed changes ranging from -113.8 ft near the south edge of the study area to +1.7 ft at the north edge from 1953 to 1990. Measured water-level changes generally closely match simulated water-level changes. During the same period, water-level changes in the unconfined area ranged from -34.2 ft in the northwestern part of the study area to +11.9 ft in the eastern part. Simulated water levels declined at a steady, gradual rate of a few feet per year from 1953 to 1990 in the unconfined area.
The two categories of ground-water use from the N aquifer are industrial in the confined area and municipal in the confined and unconfined areas. In 1989, annual pumpage for industrial use in the confined area was 3,450 acre-ft, and annual pumpage for municipal use in the confined and unconfined areas was 1,070 and 1,400 acre-ft, respectively.
Chemical water-quality samples were collected from 13 wells in the study area that tap the N aquifer. Samples were collected from three industrial wells operated by the Peabody Coal Company and from 10 municipal wells operated by the tribes. Results of analyses of these samples indicate that the quality of water in the N aquifer has not changed significantly since pumping began.
During water year 1990, water-quality samples were collected at four springs that discharge from the N aquifer in the southern half of the study area. Dissolved-solids concentrations in water from these springs ranged from 215 mg/L at Sand Spring (1A-83) to 455 mg/L at Whisky Spring (5M-4). Dissolved-chloride concentrations ranged from 4.1 mg/L at Sand Spring (1A-83) to 22 mg/L at Burro Spring (6M-31). Dissolved-sulfate concentrations ranged from 32 mg/L at the unnamed spring near Many Farms (10R-119) to 219 mg/L at Whisky Spring (5M-4). Comparison of these results with those of previous chemical analyses indicates that no significant changes in water quality have taken place in the sampled springs. Discharges from the springs are 0.1 gal/min at Whisky Spring and the unnamed spring near Many Farms, and 0.4 gal/min at Burro Spring. Sand Spring could not be measured accurately. Discharge of all three measured springs has declined since measurements were first made during 1954,1929, and 1927, respectively. Surface-water low-flow measurements were made from November 1989 to February 1990 at Laguna Creek near Church Rock (09379160). The average of these measurements is about 5 percent less than the long-term average (1981-89) but well above the discharge simulated by the model. Continuous records of daily discharge were maintained at Moenkopi Wash at Moenkopi (09401260) 
